Introduction
============

Colorectal cancer (CRC) is a major public health problem in the United States and globally. In the United States, it is the second leading cause of cancer mortality. In 2017, it is estimated that over 50,000 deaths will be attributed to this disease.[@b1-cmar-10-425] When metastatic disease is diagnosed, CRC is associated with poor prognosis, with 5-year survival rates in the 5%--8% range. Chemotherapy has been the traditional approach for patients with metastatic CRC (mCRC). Over the past two decades, several agents such as bevacizumab, cetuximab, panitumumab, and ziv-aflibercept have been approved by the US Food and Drug Administration (FDA) for the treatment of mCRC. Newer agents including regorafenib, TAS-102, ramucirumab, and anti-PD1 immunotherapy have been recently added to this list during the past 5 years.[@b2-cmar-10-425],[@b3-cmar-10-425] Regorafenib is a small-molecule multikinase inhibitor that was approved in 2012 for patients with mCRC who are refractory to or intolerant of standard chemotherapy.

It is now well established that multiple signaling pathways work in a coordinated fashion to regulate tumor growth, survival, angiogenesis, and invasion/migration. Tumor angiogenesis has been one of the major targets for the development of new anticancer agents with great success. Tumor angiogenesis is mediated by several established growth factors and receptor pathways such as VEGFRs, tyrosine kinase with immunoglobulin and epidermal growth factor homology domain 2 (TIE-2), fibroblast growth factor receptor (FGFR), and platelet-derived growth factor receptor (PDGFR). Among these various growth factor receptor-mediated pathways, the VEGF signaling pathway has been considered to be the most important regulator of tumor angiogenesis.[@b4-cmar-10-425] It also mediates the autocrine effects on the survival, migration, and invasion of tumor cells. This has led to the development of several targeted agents aimed at inhibiting VEGF signaling. Currently known approaches include inhibition of ligand binding to the target VEGF receptors by antibodies (bevacizumab and ziv-aflibercept), blockade of ligand-VEGFR binding by anti-VEGFR-2 antibody such as ramucirumab, and inhibition of intracellular receptor tyrosine kinases (RTKs) of VEGFRs with receptor tyrosine kinase inhibitors (TKIs), such as regorafenib.[@b5-cmar-10-425]

The various VEGF ligands, VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placental growth factor (PlGF), bind to their respective cognate receptors VEGFR-1, VEGFR-2, and VEGFR-3, and induce activation of VEGFR signaling. It is widely believed that the tumor angiogenic effects of VEGF are mediated, in large part, through VEGFR-2. TIE-2 is another important regulator of tumor angiogenesis that is mainly expressed in endothelial cells.[@b6-cmar-10-425] It modulates maturation of immature vessels upon binding to its ligands including angiopoietin-1 (Ang1), angiopoetin-2 (Ang2), VEGF, and FGF.[@b7-cmar-10-425]

Regorafenib (BAY 73-4506; Bayer Schering Pharma AG, Berlin, Germany) is an oral small-molecule multikinase inhibitor that is active against several angiogenic RTKs (VEGFR-1, VEGFR-2, VEGFR-3, TIE-2), oncogenic RTKs (c-KIT, RET), stromal RTKs (PDGFR-B, FGFR1), and intracellular signaling kinases (c-RAF/RAF-1, BRAF, BRAF^V600E^; [Figure 1](#f1-cmar-10-425){ref-type="fig"}). In 2012, regorafenib was approved by the US FDA for the treatment of patients with mCRC who have progressed on standard chemotherapies. This review will summarize the development of regorafenib from the initial preclinical studies to the current clinical era in the treatment of mCRC.

Preclinical development
=======================

Regorafenib (BAY 73-4506) is an oral multikinase inhibitor with a diphenylurea backbone, 4-\[4-({\[4-chloro-3-(trifluoromethyl)phenyl\]carbamoyl}amino)-3-fluorophenoxy\]-*N*-methylpyridine-2-carboxamide.[@b8-cmar-10-425] This agent originally came from a drug discovery program with urea class compounds following the development of sorafenib, a successful prototype of diphenylurea compounds discovered in the 1990s.[@b8-cmar-10-425] In contrast to sorafenib, regorafenib has a fluorine in the center phenyl ring ([Figure 2A](#f2-cmar-10-425){ref-type="fig"} and [2B](#f2-cmar-10-425){ref-type="fig"}). This additional structural modification of regorafenib results in a similar but distinct biochemical profile when compared with sorafenib ([Table 1](#t1-cmar-10-425){ref-type="table"}).[@b8-cmar-10-425]--[@b10-cmar-10-425]

In vitro biochemical assays
---------------------------

In vitro biochemical assays revealed that regorafenib inhibits several angiogenic RTKs (VEGFR-1, murine VEGFR-2, murine VEGFR-3, and TIE-2) with 50% inhibitory concentration (IC~50~) values ranging from 4.2 to 311 nM/L ([Table 2](#t2-cmar-10-425){ref-type="table"}).[@b8-cmar-10-425] Oncogenic RTKs including c-KIT and RET were also inhibited by regorafenib with IC~50~ values ranging from 1.5 to 7 nM/L.[@b8-cmar-10-425] In addition, stromal RTKs including PDGFR-β and FGFR1 were inhibited with IC~50~ values ranging from 22 to 202 nM/L. Intracellular signaling kinases including c-RAF/RAF-1, wild-type BRAF, and mutant BRAF^V600E^ were inhibited with IC~50~ values ranging from 2.5 to 28 nM/L.[@b8-cmar-10-425] Of note, regorafenib at concentrations, as high as 1 μM/L, did not inhibit a wide range of kinases, including kinases associated with the epidermal growth factor receptor (EGFR) family, protein kinase C family, cyclin-dependent kinases, and kinases associated with insulin and insulin-like growth factor receptor, c-MET, MEK, ERK1/2, and AKT.[@b8-cmar-10-425] In terms of metabolism, the drug is exclusively metabolized in the liver via cytochrome P3A4 and uridine diphosphateglucuronosyltransferase 1A9, which increases the risk of drug-induced liver injury.[@b11-cmar-10-425] The two active metabolites of regorafenib include M-2 (*N*-oxide metabolite, BAY 75-7495) and M-5 (*N*-oxide/*N*-desmethyl metabolite, BAY 81-8752).

Cellular phosphorylation assays
-------------------------------

Cellular phosphorylation assays showed that regorafenib is a potent inhibitor of multikinases including VEGFR-2.[@b8-cmar-10-425] Regorafenib is a potent inhibitor of VEGFR-2 autophosphorylation in NIH-3T3/VEGFR-2 cells with an IC~50~ value of 3 nM/L. Similarly, regorafenib potently inhibited TIE-2 autophosphorylation in vanadate-stimulated Chinese hamster ovary-TIE-2 cells with an IC~50~ value of 31 nM/L. Regorafenib inhibited PDGFR-β autophosphorylation after stimulation with PDGF-BB in human aortic smooth muscle cells (HAoSMCs) with an IC~50~ value of 90 nM/L. Regorafenib also inhibited FGFR signaling in MCF-7 human breast cancer cells stimulated with FGF10 with an IC~50~value of \~200 nM/L.

Regorafenib inhibited the MAPK signaling pathway, as measured by pERK1/2 enzyme-linked immunosorbent assay (ELISA), in various tumor models carrying mutations in *KRAS* or *BRAF* with IC~50~values of 43--380 nM/L. It also potently inhibited mutant RTKs including KIT^K642E^ and RET^C634W^ with IC~50~ values of 10--20 nM/L.[@b8-cmar-10-425] This inhibitory effect on the respective KIT and RET activity helps to explain the clinical activity of regorafenib in patients with gastrointestinal stromal tumors and a subset of medullary thyroid carcinomas. In the cellular phosphorylation assays, the M-2 and M-5 metabolites inhibited VEGFR-2, TIE-2, c-KIT, and BRAF with IC~50~ values similar to that of regorafenib ([Table 3](#t3-cmar-10-425){ref-type="table"}).[@b12-cmar-10-425],[@b13-cmar-10-425]

In vitro cell proliferation assays
----------------------------------

Regorafenib displays strong in vitro antiproliferative effects on growth factor-stimulated vascular and tumor cell lines ([Table 4](#t4-cmar-10-425){ref-type="table"}). In vitro cell proliferation assays demonstrated that regorafenib inhibited the proliferation of VEGF^165^-stimulated human umbilical vascular endothelial cells (HuVECs) with an IC~50~ value of \~3 nM/L.[@b8-cmar-10-425] Regorafenib inhibited the proliferation of FGF2-stimulated HuVECs and PDGF-BB-stimulated HAoSMCs with IC~50~values of 127 and 146 nM, respectively.[@b8-cmar-10-425] These data are consistent with in vitro biochemical assays, which showed strong inhibition of VEGFR-2 by regorafenib. Regorafenib potently inhibits VEGFR-2 HuVECs and VEGFR-3 in lymphatic endothelial cells (LECs) with IC~50~ values of 4--16 nM/L.[@b14-cmar-10-425] Moreover, it inhibited the phosphorylation of ERK and AKT kinases in LECs with I~C50~ values of 4--16 nM/L.[@b14-cmar-10-425]

Regorafenib inhibited the growth of SW620 (*KRAS^G12V^*) and Colo-205 (a human CRC cell line harboring *BRAF^V600E^* mutation) cell lines with IC~50~ values in the range of 970--3270 nM/L.[@b8-cmar-10-425] Using an in vitro proliferation assay, regorafenib inhibited the proliferation of 19 out of 25 human colon cancer cell lines with IC~50~ values ranging from 2,600 to 10,000 nM/L, which is comparable to the maximum concentration (C~max~) of regorafenib observed in plasma from patients.[@b14-cmar-10-425],[@b15-cmar-10-425] Of note, no correlation was observed between regorafenib-mediated antiproliferative effects and the mutational status of the cell lines including mutations in *KRAS* and *BRAF*.[@b14-cmar-10-425]

Tumor xenograft models
----------------------

Regorafenib exhibited the in vivo antitumor activity in several human tumor xenograft models. The growth of Colo-205 in a mouse xenograft model was effectively inhibited by regorafenib in the dose range of 10--100 mg/kg, achieving tumor growth inhibition of about 75% at day 14 at the dose level of 10 mg/kg.[@b8-cmar-10-425]

As a single agent, regorafenib displayed somewhat modest antitumor effects in several patient-derived xenograft (PDX) CRC models.[@b14-cmar-10-425] However, the combination of regorafenib and irinotecan led to a statistically significant delay in tumor growth compared with irinotecan alone in oxaliplatin-refractory PDX CRC models.[@b14-cmar-10-425] Regorafenib treatment significantly reduced tumor vessel areas and the total number of tumor vessels determined by CD31 staining in some PDX CRC models.[@b14-cmar-10-425] However, this antiangiogenic effect of regorafenib was not demonstrated in PDX CRC models, which were refractory to treatment with regorafenib. This finding suggests that the antiangiogenic effect of regorafenib contributes to the inhibition of tumor growth in PDX CRC models.[@b14-cmar-10-425]

Sajithlal et al reported a significant synergistic antitumor activity between MK2206, an AKT inhibitor, and regorafenib in an HCT116 colon cancer xenograft model.[@b16-cmar-10-425] Tumor-bearing mice were treated with regorafenib 25 mg/kg and MK2206 40 mg/kg daily for 3 days.

Phase I and II clinical studies
===============================

The safety and tolerability of regorafenib was initially evaluated by a German group in a Phase I study.[@b17-cmar-10-425] This study was performed using the standard "3+3" design, and the eligibility criteria included patients with advanced solid tumors that had progressed after standard therapies. Regorafenib was administered in 28-day treatment cycles using a schedule of 21 days on/7 days off. Oral solution formulation of regorafenib was administered in cohorts at dose levels of 10--120 mg. For dose levels \>120 mg, a coprecipitate tablet formulation was administered. Patients were evaluated in eight different dose cohorts, with regorafenib 220 mg once daily being the highest dose evaluated. CRC was the most common tumor type (30%) evaluated in this study.[@b17-cmar-10-425],[@b18-cmar-10-425] Two of 12 patients at the dose level of 160 mg experienced dose-limiting toxicities in cycle 1, resulting in a dose reduction. The dose of 160 mg coprecipitate tablets once a day in a schedule of 21 days on/7 days off repeated every 28 days was therefore determined to be the maximum tolerated dose or the recommended phase 2 dose (RP2D) for single-agent regorafenib. The most common adverse events (AEs) included voice changes (55%), hand-foot-skin reaction (HFSR; 40%), mucositis (36%), diarrhea (32%), and hypertension (HTN; 30%). The most common grade 3/4 AEs included HFSR (19%), HTN (11%), diarrhea (8%), and rash/desquamation (6%). With respect to clinical efficacy, 32 patients (60%) had stable disease (SD), while 3 patients (CRC, renal cell carcinoma, and osteogenic sarcoma) showed a partial response (PR). Pharmacokinetic (PK) assessment revealed that the area under the curve (AUC) target exposure level of 13 mg h/L (from preclinical models) was achieved at the 30 mg dose level. A similar exposure was observed at steady state for regorafenib and its metabolites M-2 and M-5. With the oral solution, systemic exposure of regorafenib increased in a dose-dependent manner up to the 60 mg dose level, with no further increase seen when the dose was increased to 120 mg. This agent has a terminal half-life (t~1/2~) on the order of 20--40 hours, which resulted in its accumulation in plasma after multiple doses.

Regorafenib was further evaluated in patients with mCRC in the dose-expansion portion of this Phase I trial.[@b15-cmar-10-425] A total of 38 patients with mCRC were enrolled, which included 15 patients in the dose-escalation phase and 23 patients in the dose-expansion phase. These patients had previously received a median of four lines of systemic chemotherapy. Regorafenib was administered at a dose of 160 mg daily for 21 days followed by rest for 7 days, repeated every 28 days. The median duration of regorafenib treatment at 160 mg daily dose was 49 days (range 8--280 days). The most common side effects included HFSR (61%), fatigue (50%), voice changes (34%), anorexia (24%), and diarrhea (24%). The most common grade 3/4 AEs included HFSR (32%), fatigue (11%), HTN (11%), and rash/desquamation (5%). Among the 27 evaluable patients, 1 patient (4%) achieved PR and 19 patients (70%) achieved SD with a total disease control rate (DCR) of 74%. The median progression-free survival (PFS) was 107 days. The steady-state PK data showed a similar plasma exposure of regorafenib and its metabolites, M-2 and M-5. The t~1/2~ of M-2 and regorafenib was similar (25 hours versus 26--28 hours), while M-5 had a longer t~1/2~ of 51--64 hours.

Another Phase I dose-escalation study evaluated continuous regorafenib administered once a day without any rest periods.[@b19-cmar-10-425] The dose cohorts ranged from 20 to 140 mg/day. A total of 38 patients with advanced solid tumors were enrolled in this study: CRC (16%), thyroid cancer (13%), adenoid cystic carcinoma (13%), and head and neck cancer (13%). The RP2D of regorafenib was determined as 100 mg once a day using this continuous dosing schedule without any rest periods. In general, the drug was well tolerated, and the most frequent AEs were rash/desquamation (50%), HFSR (32%), fatigue (32%), extremity pain (29%), mucositis (24%), and diarrhea (21%). The most common grade 3/4 AEs were HFSR (11%), extremity pain (5%), diarrhea (3%), and rash/desquamation (3%). Two patients (6%) achieved PR (one with pancreatic neuroendocrine carcinoma and the other with periorbital squamous cell carcinoma) and 22 patients (61%) had SD. PK assessment showed that the steady-state plasma levels of regorafenib increased less than proportionally from 20 to100 mg and did not increase significantly from 100 to 140 mg when dosed daily.[@b19-cmar-10-425]

Sunakawa et al reported the results of a Phase I multi-center study, which evaluated the safety, PK, and efficacy of regorafenib in Japanese patients with chemorefractory solid tumors.[@b20-cmar-10-425] A total of 15 patients were enrolled in this study, and the most common tumor site was pancreas (six ductal adenocarcinomas and one neuroendocrine tumor). Patients received regorafenib 160 mg orally once daily for 21 days in 28-day cycles. Patients received a median of two cycles (range 1--21), and the duration of treatment was 2.1 months (range 0.9--20.1). The most frequent side effects included HFSR (67%), diarrhea (67%), hypophosphatemia (53%), and aspartate aminotransferase (AST) elevation (53%). The most common grade 3/4 AEs included hypophosphatemia (27%), lymphopenia (27%), HFSR (135), and AST/alanine aminotransferase elevation (13%). One patient with pancreatic neuroendocrine tumor experienced a PR, and seven patients had SD. With respect to clinical pharmacology, the mean systemic exposure of regorafenib, M-2, and M-5 was significantly lower in Japanese patients when compared with European patients. However, the range of regorafenib exposure was similar to that observed in the European trials.

Schultheis et al reported the results of a Phase Ib study, which evaluated the combination of regorafenib with either FOLFOX (5-fluorouracil \[5-FU\] 400 mg/m^2^ IV bolus followed by 5-FU 2,400 mg/m^2^ IV continuous infusion over 46 hours, folinic acid 400 mg/m^2^ IV, and oxaliplatin 85 mg/m^2^ IV) or FOLFIRI (5-FU 400 mg/m^2^ IV bolus followed by 5-FU 2,400 mg/m^2^ IV continuous infusion over 46 hours, folinic acid 400 mg/m^2^ IV, and irinotecan 180 mg/m^2^ IV) in the first- or second-line treatment of patients with mCRC.[@b21-cmar-10-425] The primary objective of this study was to evaluate the safety and toxicity of regorafenib in combination with FOLFOX or FOLFIRI, and to determine the effect of regorafenib on the PK of FOLFOX and FOLFIRI. A total of 45 evaluable patients were enrolled in the study (N=25 in FOLFOX arm; N=20 in FOLFIRI arm). Regorafenib 160 mg once a day was administered orally on days 4--10 and 18--24 of each cycle of FOLFOX or FOLFIRI. The incidence of any grade AEs was similar between the FOLFOX and FOLFIRI arms. Grade 3/4 AEs were observed in 12 patients (27%) and included one treatment-related death (hepatic toxicity). The most common AEs leading to dose modifications of regorafenib included neutropenia (27%), mucositis (18%), HFSR (18%), and leukopenia (11%). In terms of clinical efficacy, 7 out of 38 evaluable patients achieved a PR (4 patients in the FOLFOX arm and 3 patients in the FOLFIRI arm), and 26 patients had SD (14 patients in the FOLFOX arm and 12 patients in the FOLFIRI arm). The median duration of disease control was similar in the FOLFOX (123 days) and FOLFIRI (126 days) arms. PK analysis revealed a potential drug--drug interaction between regorafenib and irinotecan, as there was an increased exposure of irinotecan and its active metabolite SN-38 when regorafenib was administered sequentially after FOLFIRI. However, no such drug--drug interaction was observed between regorafenib and oxaliplatin.

Argilés et al presented the results of the Phase II study evaluating the efficacy and safety of regorafenib in combination with modified FOLFOX6 (mFOLFOX6) in the first-line treatment of patients with mCRC (CORDIAL trial).[@b22-cmar-10-425] Patients with mCRC (N=54) received mFOLFOX6 on days 1 and 15 and regorafenib 160 mg orally once a day on days 1--4 and 18--24, repeated in 28-day cycles. In cases of mFOLFOX6 discontinuation, regorafenib was administered as a single agent at the dose of 160 mg orally once a day in a schedule of 21 days on/7 days off. The primary endpoint of the study was overall response rate (ORR), and the secondary endpoints included overall survival (OS), PFS, DCR, duration of response (DOR), duration of SD, and safety. The ORR was 43.9% and the DCR was 85.4%. The median PFS of this combination regimen was 8.5 months (95% CI 7.4--11.3 months), and the median duration of SD was 7.6 months. The most common regorafenib-related grade 3/4 AEs included lipase elevation (19%), HTN (17%), diarrhea (13%), and hypophosphatemia (11%).

Phase III clinical trials
=========================

The CORRECT study was a Phase III trial to evaluate the efficacy of regorafenib in mCRC patients whose tumor had progressed after all approved standard therapies.[@b23-cmar-10-425] This trial was a randomized, placebo-controlled, double-blind study involving 114 centers in 16 countries across four different continents. Patients with mCRC (N=760) who had progressed on all available standard therapies or discontinued therapy due to unacceptable toxicity were randomized in a 2:1 ratio to best supportive care (BSC) plus either regorafenib (N=505) or placebo (N=255). Regorafenib was administered at a dose of 160 mg orally once a day for 21 days followed by 7 days of rest in 28-day cycles. The primary endpoint of this study was OS, and the secondary endpoints included PFS, ORR, DCR, and safety. The tertiary endpoints included DOR, health-related quality of life (HR-QoL), and health utility values. Most of the baseline characteristics were balanced in both the study arms. *KRAS* mutations were found in 54% of patients in the regorafenib arm and 62% of patients in the placebo arm. The median OS was 6.4 months in the regorafenib arm and 5 months in the placebo arm (one-sided *P*=0.0052). The median PFS was 1.9 and 1.7 months, respectively, in the two arms. PR was achieved in five patients in the regorafenib arm and in one patient in the placebo arm. DCR (PR plus SD assessed at least 6 weeks after randomization) was 41% in the regorafenib arm and 15% in the placebo arm. The most frequent AEs in the regorafenib arm were fatigue (47%), HFSR (47%), and diarrhea (34%), and the most frequent grade 3/4 AEs were HFSR (17%), fatigue (10%), diarrhea (7%), HTN (7%), and rash/desquamation (6%). The findings from this study led to the US FDA approval of regorafenib in September 2012 for the treatment of patients with mCRC who have been previously treated with fluoropyrimidine, oxaliplatin, and irinotecan-based chemotherapy, an anti-VEGF therapy, and an anti-EGFR therapy (if *KRAS* wild type). In a post hoc analysis of the CORRECT trial data, regorafenib was shown to have similar efficacy in both Japanese and non-Japanese subpopulations.[@b24-cmar-10-425]

The CONCUR study was another randomized, double-blind, placebo-controlled, Phase III trial of regorafenib that was specifically designed to assess the efficacy of the drug in Asian patients.[@b25-cmar-10-425] Patients with refractory mCRC from China, Hong Kong, South Korea, Taiwan, and Vietnam were randomized in a 2:1 ratio to receive BSC plus either regorafenib (N=136) or placebo (N=68). Regorafenib was administered at 160 mg orally once a day in a schedule of 21 days on/7 days off. The primary endpoint of OS was significantly better in the regorafenib arm than in the placebo arm (median OS 8.8 months versus 6.3 months; one-sided *P*=0.00016). The most frequent grade 3/4 AEs in the regorafenib arm included HFSR (16%), HTN (11%), hyperbilirubinemia (7%), and hypophosphatemia (7%).

The activity of regorafenib has also been evaluated in two single-arm, open-label studies (REBECCA and CONSIGN) that were performed in a real-world setting. The REBECCA study was based on a French compassionate program that examined the safety and effectiveness of regorafenib for mCRC patients.[@b26-cmar-10-425] Patients were identified from the database of the French ATU (Temporary Authorization for Use) between December 2012 and October 2013, and 500 patients were included in this analysis. The primary endpoint of this study was OS, and the secondary endpoints included the duration of regorafenib therapy, PFS, safety, and dose intensity of regorafenib therapy. About 10% of the study population had a performance status (PS) of ECOG ≥2, and 18% of the patients received regorafenib at the initial dose of \<160 mg/day (12% at 120 mg/day and 6% at ≤80 mg/day). The AEs from the REBECCA cohort seemed less frequent than those reported within the CORRECT trial (grade 3/4 AEs, 32% versus 54%). However, this difference could also be a result of underreporting in the REBECCA study, due to the retrospective design of the study. Among patients treated at a starting dose of 160 mg (N=407), there were less dose modifications in the REBECCA cohort than in the CORRECT trial (47% versus 76%). Although some patients from the REBECCA cohort had worse PS and were not treated with the recommended starting dose of regorafenib (160 mg/day), the outcome of patients in the REBECCA study was in the same range as that from the CORRECT trial (PFS, 2.7 months in the REBECCA versus 1.9 months in the CORRECT; OS, 5.5 months versus 6.4 months). The Phase IIIb CONSIGN study was a prospective, multicenter, expanded-access study that provided regorafenib to patients with chemorefractory mCRC prior to market authorization.[@b27-cmar-10-425] The primary objective of the study was safety. The safety analysis included 2,864 patients assigned to treatment between April 2012 and December 2013. The grade 3/4 treatment-emergent, drug-related AEs were observed in 57% patients, and included HTN (15%), HFSR (14%), fatigue (13%), diarrhea (5%), and hypophosphatemia (5%). Treatment discontinuation occurred in 9% of the patients due to drug-related AEs. The estimated median PFS of the cohort was 2.7 months.

[Table 5](#t5-cmar-10-425){ref-type="table"} summarizes the key aspects of all Phase III clinical trials (completed and ongoing) involving regorafenib in patients with mCRC.

Special considerations regarding regorafenib use
================================================

Tolerability
------------

One of the main challenges with regorafenib therapy at the current dosing schedule (160 mg/day, 21 days on/7 days off) is that it is associated with a relatively high incidence of AEs and poor tolerance in clinical practice, which results in frequent dose reductions and interruptions.

Safety analysis of the CORRECT trial showed that the incidence of regorafenib-related AEs including HFSR, fatigue, HTN, and rash/desquamation peaked during the first treatment cycle and gradually tapered to lower levels with subsequent cycles, while the incidence of diarrhea remained relatively constant throughout the treatment course.[@b28-cmar-10-425] Dose adjustments were most frequent during cycles 2 and 3, and the dose density of regorafenib stabilized from cycle 4 onward.

Falcone et al analyzed the pattern of regorafenib dose modifications in the CORRECT trial.[@b29-cmar-10-425] Patients randomized to the regorafenib arm stayed on treatment for a median duration of 7.3 weeks and received 78.9% of the planned regorafenib dose (mean, 147.1 mg). Only 57% of patients in the regorafenib arm received an actual daily dose of 160 mg throughout the study. Dose modifications were required in majority (76%) of patients in the regorafenib arm. Dose reductions and interruptions in regorafenib were reported in 20% and 70% of patients, respectively. These data suggest that the starting dose of regorafenib 160 mg may, in fact, be too high. The most frequent side effect leading to the dose modification of regorafenib was HFSR, which was responsible for dose reduction in 18% of patients and dose interruption in 19% of patients.

TAS-102 is a combination of thymidine-based nucleoside analog (trifluridine) and thymidine phosphorylase inhibitor (tipiracil), and this drug is also currently approved for the treatment of mCRC refractory to standard therapies. A retrospective study showed that both regorafenib and TAS-102 have comparable efficacy but different toxicity profiles in patients with mCRC.[@b30-cmar-10-425] The most frequent grade 3 or higher AEs were hepatotoxicity and hand-foot syndrome in the regorafenib group, and neutropenia in the TAS-102 group. Another recently published multicenter observational study (REGOTAS) from Japan compared the efficacy of regorafenib versus TAS-102 in patients with chemorefractory mCRC.[@b31-cmar-10-425] The propensity score adjusted analysis in the REGOTAS study showed that OS was similar between the two groups (7.9 months in the regorafenib group and 7.4 months in the TAS-102 group). However, discontinuation of treatment due to treatment-related AEs was higher in the regorafenib group than in the TAS-102 group (24% versus 7%).

Given the significant tolerability issues with regorafenib on the approved dosing regimen, some have suggested that the benefit provided by regorafenib may not be clinically meaningful. A lower starting dose of regorafenib with an incremental approach based on AEs has also been suggested by some experts to improve the drug tolerability in clinical practice.[@b32-cmar-10-425],[@b33-cmar-10-425]

Quality of life
---------------

The initial analysis of HR-QoL from the CORRECT trial suggested that the regorafenib therapy was not associated with impaired overall HR-QoL.[@b34-cmar-10-425] One of the major weaknesses of patient-reported outcomes research is that missing data could be due to deterioration of general health condition from disease progression or AEs. Chang et al reported the effects of regorafenib on HR-QoL in the CORRECT trial by incorporating the data of tumor progression and survival into the analysis of HR-QoL to reduce the bias induced by missing data due to worsening of health from disease progression or AEs.[@b35-cmar-10-425] The Cox model analysis showed that the regorafenib treatment was associated with a significant reduction in the hazard ratio (HR) for both global health status (HR 0.77; 95% CI 0.65--0.91) and physical function (HR 0.74; 95% CI 0.62--0.88) after adjustment for stratification factors and other covariates. These results suggest that treatment with regorafenib was, indeed, associated with a reduced risk of deterioration in HR-QoL by \>20% in comparison with placebo alone.

Cost-effectiveness
------------------

Regorafenib offers modest survival benefit, and therefore, its cost-effectiveness is currently a subject of much debate. Seal et al studied the potential cost-effectiveness of regorafenib for the treatment of patients with mCRC. Their analysis showed that patients treated with regorafenib had improved OS in comparison with those on BSC alone (0.75 versus 0.60 years), but regorafenib treatment was also associated with higher lifetime costs than BSC alone (\$97,700 versus \$59,494).[@b36-cmar-10-425] Gold-stein et al also studied the cost-effectiveness of regorafenib in the third-line setting for mCRC patients, using a Markov model.[@b37-cmar-10-425] Treatment with regorafenib provided an additional 0.13 life-years at a cost of \$40,000, resulting in an incremental cost-effectiveness ratio of \$900,000 per quality-adjusted life-years. The cost of this benefit is considered high by most experts in the field; however, it may be considered justifiable by some given the high unmet need for effective therapies in patients with mCRC. Nevertheless, the cost-effectiveness of the drug can potentially be improved by utilizing biomarker-driven patient selection and value-based pricing.

Radiographic assessment of tumor response
-----------------------------------------

It has been postulated that the response to multikinase inhibitors cannot be accurately evaluated using the conventional dimensional criteria such as RECIST.[@b38-cmar-10-425],[@b39-cmar-10-425] Antiangiogenic agents can cause cavitation in lung tumors, which is thought to be a consequence of central necrosis due to inhibition of blood supply to the tumor.[@b40-cmar-10-425] Ricotta et al have demonstrated that in mCRC patients treated with regorafenib, development of cavitation in lung metastases is associated with response to therapy.[@b41-cmar-10-425],[@b42-cmar-10-425] On the other hand, a smaller study by Lim et al did not find similar significant association between lung metastaseis cavitation and survival.[@b43-cmar-10-425] Treatment with regorafenib can also induce a decrease in tumor density in the liver metastases, but this change is not predictive of clinical outcome.[@b42-cmar-10-425],[@b43-cmar-10-425] Therefore, at the present time, RECIST 1.1 and change in the sum of target lesion diameters remain as the preferred methods to assess response to regorafenib in mCRC patients.[@b42-cmar-10-425] Lung metastasis cavitation has shown the promising activity as a potential new radiological biomarker and deserves further evaluation.

Identification of biomarkers
============================

The clinical efficacy data from the CORRECT trial established the role of regorafenib in the treatment of patients with mCRC. However, real-life treatment with regorafenib is associated with significant toxicity leading to frequent treatment discontinuation.[@b44-cmar-10-425]--[@b48-cmar-10-425] An analysis of the Kaplan--Meier curves for PFS in the CORRECT trial suggests that there may be a distinct subgroup of mCRC patients who are more likely to be responsive to regorafenib treatment.[@b23-cmar-10-425] This finding has generated significant interest in identifying potential biomarkers predictive of regorafenib efficacy. When successful, this could help to define patients who are most appropriate for regorafenib treatment. However, the nonspecific inhibitory activity of regorafenib across a wide range of angiogenic, oncogenic, stromal, and intracellular signaling kinases makes the identification of potential predictive biomarkers rather difficult and necessitates the application of a more comprehensive approach. Novel putative biomarkers are currently being evaluated in both the tumor tissue and the peripheral blood samples that were obtained from mCRC patients treated with regorafenib.

Dynamic contrast-enhanced magnetic resonance imaging
----------------------------------------------------

Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) is a noninvasive functional imaging modality that can be used to evaluate tumor hemodynamics, and it has been well studied in both preclinical and clinical models.[@b49-cmar-10-425],[@b50-cmar-10-425]

Wilhelm et al demonstrated the pharmacodynamic effect of regorafenib on the tumor vasculature in vivo in a rat GS9L glioblastoma xenograft model by using DCE-MRI with Gadomer-17.[@b8-cmar-10-425] Tumor-bearing rats were treated with a single dose of regorafenib orally at 10 mg/kg. Regorafenib treatment resulted in a significant decrease in tumor perfusion and extravasation of the contrast agent, as measured by the AUC of the initial 360 seconds (iAUC~360~), and this effect persisted for up to 2 days (*P*\<0.01). Inhibition of tumor growth was also noted in this rat GS9L glioblastoma xenograft model as evidenced by the change in volume of intramuscular tumors pre- and posttreatment with regorafenib.

Mross et al measured tumor perfusion before and during regorafenib treatment using DCE-MRI in the Phase I study of regorafenib.[@b17-cmar-10-425] The AUC of the initial 60 seconds (iAUC~60~) was used as the DCE-MRI endpoint. The DCE-MRI assessments before and after 21 days of multiple regorafenib dosing (at dose levels of ≥120 mg) showed an average decrease in tumor perfusion by ≥40%.

Strumberg et al evaluated single-agent regorafenib in 38 patients with mCRC who were enrolled in the initial Phase I study during the dose-escalation and dose-expansion phases.[@b15-cmar-10-425] Tumor perfusion analysis was measured by DCE-MRI before and after multiple regorafenib doses. The iAUC~60~ was used as the DCE-MRI endpoint. The tumor perfusion measured by DCE-MRI decreased in most patients, and the median ratio of iAUC~60~ between baseline and day 21 of cycle 2 was 0.507 (range 0.031--1.53; N=20). Unfortunately, no significant association between iAUC~60~ and PFS (*P*=0.74) was observed.

Eschbach et al studied the role of contrast-enhanced ultrasound (CEUS) with VEGFR-2-targeted microbubbles to monitor the functional and molecular therapy effect of regorafenib in rat HT-29 CRC xenografts.[@b51-cmar-10-425] Tumor-bearing rats received daily treatment with regorafenib or placebo (10 mg/kg) for 1 week. In CEUS, tumor perfusion was assessed during an early vascular phase (wash-in area under the curve) and VEGFR-2-specific binding during a late molecular phase. The changes in tumor perfusion noted on CEUS were correlated with DCE-MRI parameters (plasma flow and plasma volume) and immunohistochemical staining (for VEGFR-2, CD31, Ki-67, and TUNEL). The CEUS perfusion parameters decreased significantly with regorafenib therapy and showed significant correlations (*P*\<0.05) with DCE-MRI parameters and immunohistochemistry.

Levels of CA 19-9 and cytokines
-------------------------------

A retrospective study of 121 mCRC patients treated with regorafenib evaluated the role of serum biochemical parameters such as carcinoembryonic antigen and carbohydrate antigen 19-9 (CA 19-9) as predictive biomarkers.[@b52-cmar-10-425] In both univariate and multivariate analyses, early CA 19-9 decrease was identified as an independent predictive factor of response to regorafenib therapy. These results require further validation using external data sets prior to clinical use.

Plasma concentrations of VEGF and soluble VEGFR-2 (sVEGFR-2) have been evaluated by quantitative ELISA before and during regorafenib treatment.[@b17-cmar-10-425] The plasma sVEGFR-2 concentration decreases during regorafenib treatment in a dose-dependent manner. In contrast, plasma concentrations of VEGF increased over 21 days of regorafenib treatment and returned to baseline levels during the 7-day off treatment. In a biomarker analysis of 54 mCRC patients, 11 angiogenic and inflammatory serum cytokines were evaluated as predictors of regorafenib efficacy and toxicity.[@b53-cmar-10-425] A decrease in VEGF-A levels on day 21 was associated with better PFS. The chemokine ligand 5 (CCL5) levels ≤ cutoff value (59,959 pg/mL) at baseline were also associated with better PFS and OS.

Gene mutations and polymorphisms
--------------------------------

An exploratory biomarker study was conducted using DNA isolated from plasma samples obtained from 503 mCRC patients enrolled in the CORRECT trial.[@b54-cmar-10-425] Mutations in *KRAS*, *PIK3CA*, and *BRAF* were identified using BEAMing (beads, emulsion, amplification, and magnetics) technology.[@b55-cmar-10-425],[@b56-cmar-10-425] BEAMing of plasma DNA detected *KRAS* mutations in 69%, *PIK3CA* mutations in 17%, and *BRAF* mutations in 3% patients. Correlative subgroup analyses demonstrated that treatment with regorafenib was associated with clinical benefit in both *KRAS* wild-type and mutant subgroups that were identified by plasma BEAMing technology (PFS: wild-type *KRAS*, HR 0.52, 95% CI 0.35--0.76; mutant *KRAS*, HR 0.51, 95% CI 0.40--0.65; *P*=0.74). Similar results were noted for *PIK3CA* wild-type and mutant subgroups (PFS: wild-type *PIK3CA*, HR 0.50, 95% CI 0.40--0.63; mutant *PIK3CA*, HR 0.54, 95% CI 0.32--0.89; *P*=0.85).

Polymorphisms in ABCG2 and SLCO1B genes have been studied for their potential role as predictors of adverse drug reactions to regorafenib. In a preliminary study of 37 Japanese patients treated with regorafenib, the absence of SLCO1B1\*1b allele was associated with increased treatment-related toxicity.[@b57-cmar-10-425]

p53-upregulated modulator of apoptosis (PUMA)
---------------------------------------------

PUMA is a BH3-only Bcl-2 family member and plays a critical role in the regulation of apoptosis by antagonizing antiapoptotic Bcl-2 family members, including Bcl-XL, and activating proapoptotic members Bax and Bak.[@b58-cmar-10-425] PUMA is transcriptionally activated by p53 and initiates apoptosis in response to DNA damage. PUMA can also be induced in a p53-independent pathway including nuclear factor kB (NF-kB) pathway by a variety of non-genotoxic stimuli. Chen et al showed that regorafenib treatment induced upregulation of PUMA in human CRC cells, which is correlated with apoptosis induction.[@b58-cmar-10-425] In wild-type p53 HCT116 human colon cancer cell lines, regorafenib treatment induced PUMA protein and mRNA expression in a dose- and time-dependent manner, and the peaks of PUMA protein and mRNA induction were detected at 24 hours of regorafenib treatment and at 40 μM/L.[@b58-cmar-10-425] Regorafenib-induced apoptosis was more prominent in a CRC cell line with intact PUMA expression than those with defective PUMA expression, suggesting that PUMA may play a critical role in mediating apoptosis induced by regorafenib in human CRC cell lines. The upregulation of PUMA by regorafenib is mediated by NF-kB pathway. In CRC cell lines with intact PUMA expression, regorafenib potentiated upregulation of PUMA induced by 5-FU, oxaliplatin, or cetuximab, suggesting potential synergistic interaction. These data suggest that intact PUMA expression could be a predictive biomarker of response to regorafenib treatment.

FDG-PET-based metabolic response assessment
-------------------------------------------

RegARd-C is a multicenter prospective study evaluating the role of early FDG-PET to identify non-benefiters from regorafenib treatment (160 mg/day, 21 days on/7 days off) based on PET evaluation at baseline and at day 14 of the first treatment course. OS is the primary endpoint and will be correlated with metabolic response assessed by FDG-PET and epigenetic alterations. The target patient accrual is 105 evaluable patients with pretreated mCRC.

Conclusion
==========

Regorafenib is an orally administered, multitargeted kinase inhibitor that has a single-agent activity in mCRC. The CORRECT trial demonstrated that regorafenib significantly increased OS, PFS, and DCR versus placebo in patients with chemorefractory mCRC,[@b19-cmar-10-425] and based on the results of this study, regorafenib was approved by the US FDA in September 2012 for the treatment of patients with refractory mCRC.

One of the main challenges with regorafenib therapy at the currently approved dosing schedule (160 mg/day, 21 days on/7-days off) is that it is associated with a relatively high incidence of AEs and poor tolerance in clinical practice, which results in frequent dose reductions and interruptions. Post hoc safety analyses of the CORRECT trial data suggest that timely dose modifications were effective for the management of treatment-emergent AEs. In addition, regorafenib-related AEs were most frequent with the initial one to two cycles with gradually tapering in incidence and severity in later cycles. It is highly recommended to closely monitor for any regorafenib-related AEs, especially during the initial one to two cycles of regorafenib treatment, and to perform dose modifications as necessary. It would also be helpful to study if an alternative dosing schedule of regorafenib such as continuous daily dosing would be better tolerated than intermittent dosing.

As only a small fraction of patients with advanced or refractory mCRC derive true clinical benefit from rego-rafenib, there is a significant unmet need to identify biomark-ers that could identify which patients would benefit from regorafenib treatment. Further efforts should be focused on the development of such predictive biomarkers for rego-rafenib therapy.
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![Regorafenib inhibits multiple tyrosine kinases.\
**Note:** R denotes regorafenib.\
**Abbreviations:** FGFR, fibroblast growth factor receptor; PDGFR, platelet-derived growth factor receptor; RTKs, receptor tyrosine kinases; VEGFR, vascular endothelial growth factor receptors.](cmar-10-425Fig1){#f1-cmar-10-425}

![Chemical structure of Sorafenib **(A)** and Regorafenib **(B)**.\
**Note:** The only structural difference between these two drugs is that regorafenib has a fluorine in the center phenyl ring.](cmar-10-425Fig2){#f2-cmar-10-425}

###### 

Comparison of in vitro biochemical kinase inhibition by regorafenib and sorafenib

  -----------------------------------------------------------------------------
  Kinase target   Regorafenib[@b8-cmar-10-425]\   Sorafenib[@b9-cmar-10-425]\
                  (IC~50~ \[nM/L\])               (IC~50~ \[nM/L\])
  --------------- ------------------------------- -----------------------------
  VEGFR-1         13                              N/A

  VEGFR-2         4.2                             15

  VEGFR-3         46                              20

  TIE-2           311                             N/A

  PDGFR-β         22                              57

  FGFR1           202                             580

  BRAF            28                              22

  BRAF^V600E^     19                              38 (V599E)
  -----------------------------------------------------------------------------

**Note:** VEGFR-2/3 are murine VEGFRs.

**Abbreviations:** FGFR, fibroblast growth factor receptor; IC~50~, 50% inhibitory concentration; N/A, not available; PDGFR, platelet-derived growth factor receptor; TIE-2, tyrosine kinase with immunoglobulin and epidermal growth factor homology domain 2; VEGFR, vascular endothelial growth factor receptors.

###### 

In vitro biochemical activity of regorafenib against various kinases

  ----------------------------------------------------------------------------------------------------
  Kinase category                   Kinases                            Regorafenib[@b8-cmar-10-425]\
                                                                       (IC~50~ \[nM/L\])
  --------------------------------- ---------------------------------- -------------------------------
  Angiogenic RTKs                   VEGFR-1, VEGFR-2, VEGFR-3, TIE-2   4.2--311

  Oncogenic RTKs                    c-KIT, RET                         1.5--7

  Stromal RTKs                      PDGFR-β, FGFR1                     22--202

  Intracellular signaling kinases   c-RAF/RAF-1, wild-type\            2.5--28
                                    BRAF, and mutant BRAF^V600E^       
  ----------------------------------------------------------------------------------------------------

**Abbreviations:** FGFR, fibroblast growth factor receptor; IC~50~, 50% inhibitory concentration; PDGFR, platelet-derived growth factor receptor; RTKs, receptor tyrosine kinases; TIE-2, tyrosine kinase with immunoglobulin and epidermal growth factor homology domain 2; VEGFR, vascular endothelial growth factor receptor.

###### 

Pharmacologic activity of regorafenib, M-2, and M-5 in cellular kinase phosphorylation assays[@b12-cmar-10-425],[@b13-cmar-10-425]

  --------------------------------------------------------------------------------------------
  Kinase, cell line       Regorafenib\           Metabolite M-2\        Metabolite M-5\
                          (IC~50~ \[nM/L\]±SD)   (IC~50~ \[nM/L\]±SD)   (IC~50~ \[nM/L\]±SD)
  ----------------------- ---------------------- ---------------------- ----------------------
  VEGFR-2, NIH-3T3        40                     30                     20

  TIE-2, CHO              31±9                   66±35                  180±0

  c-KIT wild type, M07e   23                     13                     110

  c-KIT^K642E^, GIST882   17±4                   4±2                    N/A

  BRAF^V600E^, RAT-1      69                     21                     27
  --------------------------------------------------------------------------------------------

**Abbreviations:** CHO, Chinese hamster ovary; GIST, gastrointestinal stromal tumors; IC~50~, inhibitory concentration; N/A, not available; TIE-2, tyrosine kinase with immunoglobulin and epidermal growth factor homology domain 2; VEGFR-2, vascular endothelial growth factor receptor 2.

###### 

In vitro antiproliferation activity of regorafenib against vascular and tumor cell lines

  --------------------------------------------------------------------------------
  Cell lines                    Regorafenib[@b8-cmar-10-425],[@b14-cmar-10-425]\
                                (IC~50~ \[nM/L\]±SD)
  ----------------------------- --------------------------------------------------
  VEGF^165^-stimulated HuVECs   2.6±0.8

  FGF2-stimulated HuVECs        127±13

  PDGF-BB-stimulated HAoSMCs    146±114

  VEGFR-2-stimulated HuVECs     4--16

  VEGFR-3-stimulated LECs       4--16

  SW620 (*KRAS^G12V^*), colon   967±287

  Colo-205, colon               3269
  --------------------------------------------------------------------------------

**Abbreviations:** FGF, fibroblast growth factor; HAoSMCs, human aortic smooth muscle cells; HuVECs, human umbilical vascular endothelial cells; IC~50~, 50% inhibitory concentration; LECs, lymphatic endothelial cells; PDGF, platelet-derived growth factor; VEGFR, vascular endothelial growth factor receptor.

###### 

Summary of Phase III clinical trials evaluating regorafenib in patients with mCRC

  Trial identifier                                    No. of patients   Study arms                                                        Endpoints                                                          OS (months); HR (95% CI)           PFS (months); HR (95% CI)
  --------------------------------------------------- ----------------- ----------------------------------------------------------------- ------------------------------------------------------------------ ---------------------------------- ----------------------------------
  **CORRECT**                                                                                                                                                                                                                                   
  NCT01103323 (randomized Phase III study)            760               Regorafenib (N=505) versus placebo (N=255)                        Pri: OS(br)Sec: PFS, RR, DCR(br)QoL: EORTC-QLQ-C30                 6.4 versus 5.0;0.77 (0.64--0.94)   1.9 versus 1.7;0.48 (0.42--0.58)
  **CONCUR**                                                                                                                                                                                                                                    
  NCT01584830 (randomized Phase III study)            204               Regorafenib (N=136) versus placebo (N=68)                         Pri: OS(br)Sec: PFS, RR, DCR(br)QoL: EORTC-QLQ-C30                 8.8 versus 6.3;0.55 (0.40--0.77)   3.2 versus 1.7;0.31 (0.22--0.44)
  **REBECCA**                                                                                                                                                                                                                                   
  NCT02310477 (observational cohort study)            500               Regorafenib                                                       Pri: OS(br)Sec: PFS                                                5.5                                2.7
  **CONSIGN**                                                                                                                                                                                                                                   
  NCT01538680 (expanded-access Phase IIIb study)      2872              Regorafenib                                                       Pri: Safety(br)Sec: PFS                                            Not reported                       2.7
  **REGARD**                                                                                                                                                                                                                                    
  NCT01853319 (ongoing Phase III study)               100               Regorafenib                                                       Pri: Safety, PFS                                                   Not reported                       Not reported
  **COTEZO IMblaze370**                                                                                                                                                                                                                         
  NCT02788279 (ongoing, randomized Phase III study)   360               Cobimetinib+atezolizumab versus atezolizumab versus regorafenib   Pri: OS(br)Sec: PFS, DOR, safety(br)QoL: EORTC-QLQ-C30, EQ-5D-5L   Not reported                       Not reported

**Abbreviations:** DCR, disease control rate; DOR, duration of response; HR, hazard ratio; mCRC, metastatic colorectal cancer; OS, overall survival; PFS, progression-free survival; Pri, primary; QoL, quality of life; RR, response rate; Sec, secondary.
